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ABSTRACT
Dwarf galaxies are thought to host the remnants of the early Universe seed black holes
(BHs) and to be dominated by supernova feedback. However, recent studies suggest that BH
feedback could also strongly impact their growth. We report the discovery of 35 dwarf galaxies
hosting radio AGN out to redshift ∼3.4, which constitutes the highest-redshift sample of AGN
in dwarf galaxies. The galaxies are drawn from the VLA-COSMOS 3 GHz Large Project and
all are star-forming. After removing the contribution from star formation to the radio emission,
we find a range of AGN radio luminosities of LAGN1.4GHz ∼ 1037-1040 erg s−1. The bolometric
luminosities derived from the fit of their spectral energy distribution are & 1042 erg s−1, in
agreement with the presence of AGN in these dwarf galaxies. The 3 GHz radio emission
of most of the sources is compact and the jet powers range from Qjet ∼ 1042 to 1044 erg s−1.
These values, as well as the finding of jet efficiencies ≥ 10 % in more than 50% of the sample,
indicate that dwarf galaxies can host radio jets as powerful as those of massive radio galaxies
whose jet mechanical feedback can strongly affect the formation of stars in the host galaxy.
We conclude that AGN feedback can also have a very strong impact on dwarf galaxies, either
triggering or hampering star formation and possibly the material available for BH growth.
This implies that those low-mass AGN hosted in dwarf galaxies might not be the untouched
relics of the early seed BHs, which has important implications for seed BH formation models.
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1 INTRODUCTION
The last decade has seen a blossom of detections of active galactic
nuclei (AGN) in dwarf galaxies, usually defined as having a stellar
mass M∗ ≤ 3 × 109 M (comparable or smaller than that of the
Large Magellanic Cloud). This suggests that black holes (BHs) of
either intermediate mass (100 < MBH . 106 M; IMBHs) or
supermassive (MBH > 106 M) are present in all galaxies and not
only in the most massive ones (e.g. Kormendy & Ho 2013; Graham
2016).
Given that obtaining a dynamical mass measurement of an
IMBH in a dwarf galaxy is currently limited to slightly beyond
the Local Group (e.g. Gebhardt et al. 2001; Nguyen et al. 2017,
2018, 2019), most IMBH searches in dwarf galaxies have focused
on finding accretion signatures from low-mass AGN (MBH . 106
? E-mail: marmezcua.astro@gmail.com
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M) either in the form of high-ionisation optical and infrared
emission lines (e.g. Satyapal et al. 2008; Sartori et al. 2015;
Marleau et al. 2017), broad optical emission lines and reverberation
mapping techniques (e.g. Greene & Ho 2004, 2007; Reines et al.
2013; Chilingarian et al. 2018; Woo et al. 2019) or the detection
of X-ray emission brighter than that coming from star formation
(e.g. Schramm et al. 2013; Lemons et al. 2015; Mezcua et al.
2016, 2018b; see review by Mezcua 2017). In the case of the
optical searches, BH masses are estimated from the width of broad
emission lines under the assumption that the ionised gas around
the BH is virialised. Most of these optical samples are however
incomplete, limited to z < 0.3, or skewed toward high accretion
rates (i.e. high Eddington ratios) and type 1 AGN (those with
broad emission lines). Moreover, unless the broad line emission is
persistent over a time range of &10 years, its origin might be from
transient stellar processes such as supernovae (Baldassare et al.
2016).
© 2018 The Authors
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The detection of X-ray emission can confirm the presence of
accreting BHs in those sources with broad line emission as well
as constrain the radiative properties of the population of low-mass
AGN (e.g. Baldassare et al. 2015, 2017; Chilingarian et al. 2018).
To circumvent the biases of optical samples a few research groups
have made use of deep X-ray surveys (e.g. Miller et al. 2015;
Pardo et al. 2016; Mezcua et al. 2018b) and estimated the BH
mass using either BH-galaxy scaling relations (e.g. MBH − M∗;
Reines & Volonteri 2015) or the fundamental plane of BH accretion
(e.g. Merloni et al. 2003; Falcke et al. 2004; Körding et al. 2006;
Gültekin et al. 2009, 2014; Plotkin et al. 2012; Saikia et al. 2018;
Gültekin et al. 2019). The most complete X-ray studies of low-mass
AGN in dwarf galaxies are those we made in Mezcua et al. (2016),
in which by stacking the X-ray images of ∼50,000 dwarf galaxies
we found that a population of IMBHs exists in dwarf galaxies at
least out to z = 1.5, and Mezcua et al. (2018b), where we reported
the highest-redshift discovery of an AGN in a dwarf galaxy at z
= 2.4. The large sample of AGN dwarf galaxies found in Mezcua
et al. (2018b) also allowed us to derive their AGN fraction down
to a stellar mass range (107 − 3 × 109 M) barely studied before.
IMBHs in dwarf galaxies are thought to be the ungrown relics of the
high-z seed BHs invoked to explain the existence of quasars at z ∼7
(e.g. Mortlock et al. 2011; Wu et al. 2015; Bañados et al. 2018) and
of ultramassive BHs (heavier than 1010 M) in the local Universe
(e.g. McConnell et al. 2011; Mezcua et al. 2018a). The fraction
of dwarf galaxies hosting IMBHs (for which the AGN fraction is
a proxy) can thus provide valuable clues on how the early seed
BHs formed (e.g. Ricarte & Natarajan 2018): simulations predict
that a large fraction (90%) of today’s dwarf galaxies should host
’light’ (102 − 103 M) IMBHs if seed BHs formed from the first
generation of Population III stars, which are thought to have been
very abundant in the early Universe, while a lower occupation
fraction (50%) of ’heavy’ (104 − 105 M) BHs is expected if seed
BHs formed from direct gas collapse, a process thought to have
been not so common (van Wassenhove et al. 2010; Greene 2012;
see review by Woods et al. 2018). The finding in Mezcua et al.
(2018b) that the AGN fraction decreases with decreasing stellar
mass favors the direct collapse scenario for the formation of seed
BHs (e.g. Volonteri et al. 2008, 2016; Bellovary et al. 2011, 2019;
Habouzit et al. 2017) while its putative decrease with redshift,
a behaviour that differs from that observed in massive galaxies,
suggests that BH growth is quenched in dwarf galaxies (e.g. Aird
et al. 2018).
The premise behind dwarf galaxies hosting the leftover of
the early seed BHs is that dwarf galaxies have presumably not
significantly grown through merger and accretion and are very
likely to resemble the primordial galaxies of the infant Universe
(e.g. Volonteri et al. 2008; van Wassenhove et al. 2010; Habouzit
et al. 2017). Theoretical models often rely on dwarf galaxies
being regulated by stellar outflows (i.e. supernova feedback), which
evacuate gas from the nucleus and hamper BH growth (e.g. Dubois
et al. 2015; Anglés-Alcázar et al. 2017; Habouzit et al. 2017).
Because of this supernova feedback, in dwarf galaxies neither the
galaxy nor the BH are thought to have grown much over cosmic
time, providing a promising laboratory where the mass of the BH
is expected not to differ much from its initial mass (e.g. Volonteri
et al. 2008; van Wassenhove et al. 2010). This would explain why
low-mass galaxies tend to deviate from the BH-galaxy scaling
relations of massive galaxies (e.g. Mezcua 2017; Martín-Navarro
& Mezcua 2018; Chilingarian et al. 2018; Shankar et al. 2019),
whose growth is thought to be entwined with that of their central
BHs via galaxy mergers (e.g. Kormendy & Ho 2013). Alternatively,
the change of slope at the low-mass end of the scaling relations
could be also attributed to a bimodality in the accretion efficiency
of seed BHs (Pacucci et al. 2018).
Some recent simulations (Smethurst et al. 2016; Dashyan
et al. 2018; Barai & de Gouveia Dal Pino 2018; Koudmani et al.
2019; Regan et al. 2019; Zubovas 2019) and observational studies
(Bradford et al. 2018; Penny et al. 2018; Dickey et al. 2019)
indicate that BH feedback can also have a big impact on dwarf
galaxies. Stellar tidal disruption events could for instance fuel BH
accretion in dwarf galaxies and their outflows have observable
effects on the host galaxies (Zubovas 2019), while outflows from
AGN winds (Dashyan et al. 2018) or generated by bipolar jets
(Regan et al. 2019) could suppress BH accretion and be a more
significant source of feedback than supernovae. AGN feedback
can not only quench star formation and BH accretion but also
trigger the formation of stars (e.g. Silk & Norman 2009; Gaibler
et al. 2012; Kalfountzou et al. 2012, 2014; Dubois et al. 2013;
Silk 2013; Querejeta et al. 2016; Maiolino et al. 2017), so that in
dwarf galaxies hosting AGN the growth of the BH might not be
stunted but enhanced by AGN feedback (Mezcua 2019). This has
momentous implications for understanding how seed BHs form,
since if IMBHs in local dwarf galaxies have significantly grown
through AGN feedback then they should not be treated as the
leftover of the early Universe seed BHs (Mezcua 2019).
Observational examples of AGN feedback in action in a dwarf
galaxy are however scant (e.g. Nyland et al. 2017; Bradford et al.
2018; Penny et al. 2018; Dickey et al. 2019; Manzano-King et al.
2019) and only in about ten IMBHs/low-mass AGN have (radio)
jets been detected (Greene et al. 2006; Wrobel & Ho 2006; Wrobel
et al. 2008; Mezcua & Lobanov 2011; Nyland et al. 2012; Reines &
Deller 2012; Webb et al. 2012; Mezcua et al. 2013a,c; Reines et al.
2014; Mezcua et al. 2015, 2018b,c). With the advent of the next
generation Very Large Array, jet radio emission will be detectable
from 104 M BHs at the distance of the Virgo Cluster or from 106
M BHs out to 1 Gpc (Plotkin & Reines 2018). These distances
can be boosted by deep radio surveys, which will allow us to detect
AGN radio emission in dwarf galaxies at very high redshifts. Based
on the VLA-COSMOS 3 GHz Large Project (Smolcˇic´ et al. 2017a),
in this paper we report the largest sample of radio AGN dwarf
galaxies to date (35 sources). With detection up to z = 3.4, this
sample constitutes the highest-redshift discovery of AGN in dwarf
galaxies, beating the previous record-holder at z = 2.4 (Mezcua
et al. 2018b). The high jet efficiencies found for most of these radio
AGN dwarf galaxies indicate that their jets are, as in massive radio
galaxies, able to impart mechanical feedback, bolstering the recent
findings that AGN feedback might play a significant role in dwarf
galaxies.
The sample selection and analysis are described in Section 2,
while the results obtained are reported and discussed in Section 3.
Final conclusions and open issues are provided in Sect. 4.
Throughout the paper we adopt a ΛCDM cosmology with
parameters H0 = 70 km s−1 Mpc−1, ΩΛ = 0.73 and Ωm = 0.27.
2 SAMPLE AND ANALYSIS
To investigate the presence of radio jets in dwarf galaxies we
use the radio source catalog of the VLA-COSMOS 3 GHz
Large Project (Smolcˇic´ et al. 2017a), which is a 2.6 deg2 radio
continuum survey performed with the Karl G. Jansky Very Large
Array (VLA) that encloses the full Cosmic Evolution Survey
(COSMOS; Scoville et al. 2007) field. The COSMOS field has
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been covered by nearly all major observational facilities (Hubble,
Spitzer, Subaru, Canada-France-Hawaii Telescope, Magellan, VLT,
Herschel, GALEX, Chandra, XMM-Newton, NuSTAR), including
the VLA at 1.4 GHz (rms∼10-15 µJy beam−1, resolution of
1.5 arcsec; Schinnerer et al. 2007, 2010), constituting one of
the largest surveys with a complete multiwavelength dataset.
The VLA-COSMOS 3 GHz Large Project reaches a mean rms
of 2.3 µJy beam−1, an angular resolution of 0.75 arcsec, and
contains 10830 sources detected down to 5σ (Smolcˇic´ et al.
2017a). Of these, 93% have counterparts when crossmatching
with the COSMOS ancillary multiwavelength (from optical to
sub-millimeter) data (Smolcˇic´ et al. 2017b; Delvecchio et al.
2017). A multiwavelength spectral energy distribution (SED)
fitting of the radio sources was performed using AGN and
galaxy templates in order to derive integrated galaxy properties,
such as stellar mass and star formation rate (SFR), for each
individual source (Delvecchio et al. 2017). The sources were
further classified as either star-forming galaxies, high to moderate
radiative luminosity AGN (HLAGN), or moderate to low radiative
luminosity AGN (MLAGN) based on a combination of SED,
X-ray, radio, and mid-infrared (mid-IR) diagnostics (Smolcˇic´ et al.
2017b; Delvecchio et al. 2017). HLAGN include SED-selected
AGN, X-ray AGN (selected as having L0.5−8keV ≥ 1042 erg s−1),
and mid-IR AGN (classified as AGN in the mid-IR colour-colour
diagram of Donley et al. 2012); while MLAGN include radio AGN
whose 1.4 GHz radio emission shows a > 3σ excess relative to the
radio emission expected from the SFR of the host galaxy.
The sample of dwarf galaxies analysed in this paper is drawn
from the VLA-COSMOS 3 GHz Large Project radio source catalog
as having a signal-to-noise ratio > 5, stellar masses 7 < log
(M∗/M) ≤ 9.5, and classified as either HLAGN or MLAGN.
This results in a parent sample of 80 radio-emitting dwarf galaxies
hosting AGN. For those sources with a false match probability
higher than 20% we visually inspect the optical and radio image
positions and exclude from the sample four sources which seem
to be a spurious crossmatch. We also inspect the probability
distribution function (PDF) of the stellar masses and remove from
the sample two additional sources whose PDFs extend beyond 1010
M . In order to have a sample of dwarf galaxies as bona-fide as
possible, for the remaining 74 sources we re-compute the stellar
masses and SFRs considering the uncertainties of the photometric
redshift from Laigle et al. (2016) and Delvecchio et al. (2017).
We use the SED-fitting technique of Suh et al. (2017, 2019)
to decompose the SED into a dust emission component from
a nuclear AGN torus, a host galaxy emission component from
stellar populations, and a far-IR emission starburst component. We
derive the PDF for the host stellar mass considering any possible
combination of SED parameters, which includes the age since
the onset of star formation, the e-folding time τ for exponential
star formation history models, and the dust reddening. A full
detailed description of the SED fitting method is presented in Suh
et al. (2017, 2019). We also compute the monochromatic AGN
luminosity at rest-frame 6µm from the best-fitting AGN torus
template and derive the bolometric luminosity using the relation
between L6µm and Lbol of Suh et al. (2019). Based on this SED
fitting, only 43 of the 74 sources have 7 < log (M∗/M) ≤ 9.5 and
can thus be reliably classified as dwarf galaxies. We thus consider
this sample of 43 radio-emitting dwarf galaxies for further analysis.
Their redshifts range from z = 0.13 to 3.4, seven of them being
spectroscopic and the rest photometric (see Table 1), and their
3 GHz radio luminosities from L3GHz = 3.2 × 1021 W Hz−1 to
1.5 × 1024 W Hz−1 (see Table 1).
2.1 Radio spectral index
Eight of the 43 dwarf galaxies with radio emission at 3 GHz have
also a VLA radio counterpart at 1.4 GHz. For these eight galaxies
we are able to compute the radio spectral index α as Sν ∝ ν−α,
where Sν is the radio flux at the frequencies ν= 3 and 1.4 GHz,
finding that it ranges from α = 0.3 to 2.8. For the remaining sources
a typical spectral index of 0.7 is assumed, consistent with the
average value found for the full population of 3 GHz radio sources
in the VLA-COSMOS 3 GHz Large Project (Smolcˇic´ et al. 2017a).
The 1.4 GHz luminosities derived from the 1.4 GHz radio flux
or from the one at 3 GHz assuming α = 0.7 and applying the
corresponding K-correction factor range from 3.2 × 1021 W Hz−1
to 2.6 × 1024 W Hz−1.
Of the eight dwarf galaxies with 1.4 GHz radio counterparts,
four are found to be compact. The spectral index of these
four compact sources is steep (>0.7), so they are compact,
steep-spectrum sources such as the low-mass AGN GH10 (Wrobel
et al. 2008). GH10 is found by Wrobel et al. (2008) to resemble
the Seyfert galaxies of the Palomar survey (Ho & Ulvestad 2001),
which show compact radio cores sometimes slightly resolved into
an elongated, jet-like outflow component and a wide range of radio
luminosities (1018−1025 W Hz−1) and spectral indices (+0.5 to -1;
Ho & Ulvestad 2001; Ulvestad & Ho 2001). The 43 dwarf galaxies
with radio emission also show a wide range (though slightly
narrower than the Palomar Seyferts) of radio luminosities and 35
of them are compact at 3 GHz. Their radio properties, specially of
those with 1.4 GHz radio counterparts, are therefore very similar to
those of the steep-spectrum Palomar Seyferts, suggesting that their
radio emission could be outflow-driven as in GH10.
2.2 Contribution from star formation
The radio luminosity of the 43 dwarf galaxies is several orders
of magnitude higher than those of X-ray binaries and of even the
brightest supernova remnants (SNRs) such as SNR N4449-1, with
a 1.6 GHz radio luminosity of 1.09 × 1019 W Hz−1 (higher than
that of the Galactic SNRs Cas A or Crab and comparable to the
peak luminosity of SNe such as SN 1970G; Mezcua et al. 2013b).
This makes the 43 dwarf galaxies strong AGN candidates.
According to the near-ultraviolet (NUV) to r-band
colour-colour diagram (e.g. Ilbert et al. 2010), 40 out of the
43 radio-emitting dwarf galaxies have MNUV − Mr < 3.5 and are
classified as star-forming. The star-forming nature of the dwarf
galaxy sample is further supported by their SFR, which is log
(SFR/M yr−1) > −2 in the 43 dwarf galaxies. Therefore, the
detected radio emission is most likely a mixed contribution of
emission from star formation and nuclear AGN emission. This is
reinforced by the finding that only 7 out of the 43 dwarf galaxies
have L1.4GHz > 5 × 1023 W Hz−1 and are thus clear radio AGN
(e.g. Karouzos et al. 2014), as such high radio luminosities cannot
be explained by star formation alone. The contribution from star
formation to the radio emission must be thus removed from the
detected radio emission in order to probe the presence of AGN jet
emission in the dwarf galaxies.
To estimate the radio emission from star formation processes
we use the correlation between SFR and non-thermal 1.4 GHz
luminosity of Filho et al. (2019):
log(Lnon−thermal1.4GHz,Filho/W) = log(SFR /M yr−1) × (1.11 ± 0.09)+
(30.08 ± 0.13)
(1)
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derived for a sample of dwarf galaxies, including extremely
metal-poor systems, with radio continuum, IR and CO emission
data available and stellar masses below 1010 M . The 1σ errors
on the SFR are also taken into account in the computation of log
Lnon−thermal1.4GHz,Filho. We find that the contribution of star formation to the
1.4 GHz radio luminosity is lower than 32% and that the 1.4 GHz
radio luminosity is more than 2σ larger than that expected from
star formation for all sources (see Fig. 1). We note that the radio
luminosity no longer traces SFR for radio luminosities below 1027
W, or SFR ≤ 0.01 M yr−1 (i.e. the correlation steepens at low
luminosities), but this does not affect our sample of dwarf galaxies
as the 43 sources have SFR ≥ 0.03 M yr−1. To reinforce this we
compare the Lnon−thermal1.4GHz,Filho derived using eq. 1 with that obtained
using the more general SFR − Lnon−thermal1.4GHz correlation of Murphy
et al. (2011):
Lnon−thermal1.4GHz,Murphy(erg s−1Hz−1) = 1.57 SFR (M yr−1) (2)
which is based on a radio far-IR correlation established for globally
integrated properties of galaxies. For the SFR ≥ 0.03 M yr−1
proben here, the 1.4 GHz luminosities expected from star formation
are fully consistent with those derived from the correlation of
Filho et al. (2019) (see Fig. 1, where a slight steepening at low
luminosities is started to be seen).
In addition to the non-thermal emission from star formation,
free-free emission from thermal processes could also contribute
to the radio emission. The thermal fraction in spiral galaxies
is typically of 10%, while in dwarf galaxies it is generally no
more than 30% (e.g. Condon 1992; Roychowdhury & Chengalur
2012; Filho et al. 2019). To estimate the contribution of thermal
emission to the 1.4 GHz radio luminosity (Lthermal1.4GHz) we use the
nearly one-to-one ratio between thermal and non-thermal emission
of Filho et al. (2019): log Lnon−thermal1.4GHz,Filho ∝ 0.92 × log Lthermal1.4GHz.
This results in a thermal fraction . 32%. Considering both the
thermal and non-thermal contribution, we find that the 1.4 GHz
radio luminosity is still ≥ 2σ larger than that expected from star
formation for all sources.
Although all the sources are classified as either MLAGN or
HLAGN by Smolcˇic´ et al. (2017b) and Delvecchio et al. (2017)
and the 1.4 GHz radio luminosity is ≥ 2σ larger than that expected
from star formation for the 43 dwarf galaxies in the parent sample,
to investigate the presence of jet radio emission we select only those
sources whose 1.4 GHz radio luminosity is more than 3σ larger
than that coming from star formation. This is the case for 35 of
the 43 dwarf galaxies. For these 35 radio AGN dwarf galaxies we
then compute the AGN radio luminosity by subtracting the thermal
and non-thermal luminosities derived above from the 1.4 GHz radio
luminosity.
3 RESULTS AND DISCUSSION
3.1 Radio AGN host galaxies
The final sample of 35 radio AGN dwarf galaxies have 1.4 GHz
AGN radio luminosities ranging from LAGN1.4GHz = 3.7 × 1037 erg
s−1 to 3.4 × 1040 erg s−1 (see Table 1). Their VLA cutouts
are shown in Fig. 2. The redshift of these 35 radio AGN dwarf
galaxies ranges from z = 0.13 to 3.4 (see Fig. 3, top). With 4
sources at z >2.5, this constitutes the highest-redshift discovery
of AGN in dwarf galaxies. Previous optically-selected samples
of AGN in dwarf galaxies were limited to the local Universe
(e.g. Reines et al. 2013; Chilingarian et al. 2018), which was
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Figure 1. Top. Radio luminosity at 1.4 GHz for the parent sample of 43
dwarf galaxies versus non-thermal 1.4 GHz radio luminosity expected from
star formation derived using the correlation for dwarf galaxies of Filho
et al. (2019).Bottom. Non-thermal 1.4 GHz radio luminosity expected from
star formation derived using the global correlation of Murphy et al. (2011)
versus that obtained using the correlation for dwarf galaxies of Filho et al.
(2019). In both plots the solid line denotes a one-to-one correlation.
circumvented only by X-ray searches such as that from Pardo
et al. (2016) and Mezcua et al. (2016, 2018b). Using the Chandra
COSMOS Legacy Survey (Civano et al. 2016), Mezcua et al.
(2016) found that a population of IMBHs must exist in dwarf
galaxies at least out to z = 1.5, which was later confirmed by the
finding of a sample of X-ray AGN out to z = 2.39 (Mezcua et al.
2018b). The new redshift record-holder found here as a radio AGN
is COSMOSVLA3J095934.30+014735.9, or ID_VLA 3896 (see
Table 1), at a photometric redshift z = 3.4+0.2−0.3 and with L
AGN
1.4GHz
= (3.4 ± 0.4) × 1040 erg s−1.
When going from optical searches to X-ray and radio surveys
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Figure 2. VLA cutouts of the 35 radio AGN dwarf galaxies. The red circles mark the optical position with a radius of 2 arcsec.
there is an increase on the highest redshift of the AGN dwarf
galaxies detected but also a decrease on the lowest detected stellar
mass (see Fig. 3, bottom). The use of X-ray and radio surveys such
as the Chandra COSMOS Legacy Survey and VLA-COSMOS 3
GHz Large Project have allowed the detection of AGN in several
dwarf galaxies below 108 M (e.g. Mezcua et al. 2018b). The new
record-holders for the lightest dwarf galaxies to host an AGN are
ID_VLA 2867 and 8727 (see Fig. 3, bottom), found in this paper
as radio AGN at z < 0.4 with log (M∗/M) = 7.4 ± 0.8 and log
(M∗/M) = 7.4 ± 0.7 respectively, and LAGN1.4GHz = (1.58 ± 0.05) ×
1038 erg s−1 and (6.5 ± 1.5) × 1037 erg s−1, respectively.
The host galaxies of the radio AGN have a <B − V>
colour of 0.18, indicative of blue galaxies and consistent with the
star-forming nature (Sect. 2.2). Such colours are bluer than those of
optically-selected AGN (see Fig. 4), which tend to be redder. This is
most likely a selection effect of optical spectroscopic diagnostics,
which, unlike X-ray and radio searches, are not able to identify
AGN in star-forming galaxies (e.g. Reines et al. 2013).
From the B-band optical flux and 5 GHz AGN radio flux we
also derive the radio loudness R (R = f5GHz/ f4400 ÛA, where R < 10
means radio-quiet; Kellermann et al. 1989) of the 35 radio AGN
dwarf galaxies. The 5 GHz radio flux is derived from the 1.4 GHz
MNRAS 000, 1–12 (2018)
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Figure 3. Redshift (top) and stellar mass (bottom) distribution for
the sample of 35 radio AGN dwarf galaxies (blue solid bars), the
optically-selected AGN sample of Reines et al. (2013) (cyan hashed bars),
and the X-ray sample of AGN dwarf galaxies from Mezcua et al. (2018b)
(dashed bars).
AGN one properly scaled using the radio spectral indexes derived
in Sect. 2.1. We find a radio-loud fraction of 63%, much higher
than those of previous samples of low-mass AGN with detected
radio emission (e.g. 1%, Greene & Ho 2007; 4 %, Liu et al. 2018)
and than that of classical quasars and AGN (15%-20%, e.g. Ivezic´
et al. 2002; Greene et al. 2006; Bañados et al. 2015).
3.2 Bolometric luminosities
The bolometric luminosities for the sample of radio AGN are
derived from the SED fitting following Suh et al. (2019). We find
values ranging from Lbol = 1.5 × 1042 erg s−1 to 1.2 × 1046 erg s−1
and that the distribution presents two peaks (see Fig. 5, top). While
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Figure 4. Distribution of the B −V colour for the sample of 35 radio AGN
dwarf galaxies (blue solid bars) and the optically-selected AGN sample of
Reines et al. (2013) (cyan hashed bars).
the lower luminosity peak could be attributed to low-luminosity
AGN (Lbol ∼ 1042 erg s−1; e.g. Mezcua & Prieto 2014), the
main peak is consistent with the typical bolometric luminosity
of Seyfert galaxies, quasars, and luminous X-ray selected AGN
(e.g. Lusso et al. 2012; Blandford et al. 2018), which reinforces
the presence of an AGN in the sample of dwarf galaxies. Such
double-peaked distribution is also observed in the 1.4 GHz AGN
radio luminosities (see Fig. 5, bottom), where the lower luminosity
of the secondary peak (LAGN1.4GHz ∼ 1038 erg s−1) is consistent with
that of low-luminosity AGN. The fit of a linear slope between 1.4
GHz AGN radio luminosity and Lbol yields a slope m = 0.9 ±
0.1 (r2 = 0.5) and a probability for rejecting the null hypothesis
that there is no correlation of p = 1.9 × 10−6. The median of the
distribution of bolometric luminosities (<Lbol> = 1.0 × 1044 erg
s−1) is closer to that of type 2 AGN (7.1 × 1044 erg s−1; Lusso
et al. 2012) than type 1 AGN, suggesting that most of the radio
AGN might be of type 2.
3.3 Jet kinetic power and feedback
The total jet power (Qjet) of the AGN can be derived from the
radio luminosity of the compact core (e.g. Merloni & Heinz 2007;
Cavagnolo et al. 2010; Daly et al. 2012). For this we use the
correlation between 1.4 GHz radio luminosity and jet kinetic power
of Cavagnolo et al. (2010), most of whose sources are assumed
to have a steep spectral index (α = 0.8) as the radio AGN dwarf
galaxies here studied (see Sect. 2.1). A thorough study of the
effects of steepening of the spectral index on the Qjet-L1.4GHz
relation is performed in Godfrey & Shabala (2013), who find an
excellent agreement when comparing samples of FRI and FRII
radio galaxies (though see Shabala & Godfrey 2013 for additional
effects of source size). Out of the 35 radio AGN dwarf galaxies, 28
show compact radio emission at 3 GHz. For the remaining sources
whose 3 GHz radio emission is resolved, the jet power derived
should be taken as an upper limit. We obtain jet powers ranging
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Table 1. Radio AGN dwarf galaxy properties.
ID_VLA RA(J2000) DEC(J2000) z log M∗ i log SFR log Lbol Int. flux (3 GHz) log LAGN1.4GHz Qjet
(deg) (deg) (M) (mag) (M yr−1) (erg s−1) (µJy) (erg s−1) (erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
515 150.496858 2.473441 0.52+0.040.13
p 8.5+0.60.6 25.19 -0.1
+0.2
0.6 43.6
+1.0
1.0 131.9±7.4 39.70±0.01 43.6
909 149.479617 1.972097 0.29+0.010.01
p 9.2+0.20.3 22.90 -0.0
+0.2
0.0 43.8
+0.9
0.9 123.1±7.0 39.09±0.01 43.1
1716 149.968248 2.675955 1.19+0.290.14
p 9.0+0.80.8 26.31 1.4
+0.0
0.4 44.1
+1.0
1.0 75.3±4.4 40.38±0.01 44.0
1809 150.557523 2.330501 0.29+0.010.01
p 8.2+0.60.6 24.52 0.4
+0.1
0.1 43.5
+0.9
0.9 53.7±3.5 38.49±0.02 42.7
2329 149.904547 2.552293 0.76+0.050.04
p 9.5+0.20.2 24.46 1.0
+0.0
0.4 43.7
+1.0
0.9 36.6±3.0 39.49±0.02 43.4
2619 150.256994 2.211813 1.18+0.000.00
s 9.1+0.12.9 23.98 1.6
+0.0
0.0 46.1
+0.9
0.9 30.0±2.7 39.54±0.05 43.4
2867 149.611112 2.620181 0.18+0.220.1
p 7.4+0.80.8 25.21 -1.5
+0.7
0.3 42.3
+0.9
1.0 36.2±3.4 38.20±0.01 42.5
2945 149.871162 1.620135 0.95+0.120.06
p 8.8+0.60.6 25.42 1.2
+0.0
0.4 44.2
+0.9
1.1 31.3±3.0 39.41±0.05 43.3
3295 150.338442 1.744434 1.42+0.170.15
p 8.9+0.60.6 25.68 1.5
+0.0
0.4 44.5
+0.9
0.9 25.9±2.6 39.73±0.05 43.6
3317 149.760790 2.622779 0.22+0.010.01
p 8.2+0.20.1 22.87 -1.4
+0.5
0.0 42.8
+0.9
0.9 26.1±2.7 37.91±0.05 42.3
3770 149.635991 2.403578 0.85+0.10.12
p 8.7+0.80.6 26.56 1.1
+0.0
0.4 43.1
+1.0
0.9 24.8±2.7 39.17±0.06 43.2
3896 149.892936 1.793327 3.35+0.170.26
p 9.1+0.50.5 26.09 1.9
+0.2
0.1 45.5
+0.9
0.9 22.0±2.5 40.53±0.05 44.1
4646 149.867262 2.349574 2.26+0.140.16
p 9.4+0.50.5 24.93 1.5
+0.3
0.0 45.0
+0.9
0.9 21.1±2.6 40.14±0.06 43.9
5725 150.810928 2.689113 0.78+1.320.56
p 8.8+1.11.0 25.89 1.2
+0.0
0.0 44.9
+0.9
0.9 25.8±3.6 39.06±0.08 43.1
5871 150.779415 1.699318 1.3+0.070.08
p 9.3+0.70.6 26.89 1.0
+0.4
0.0 45.3
+0.9
0.9 22.6±3.2 39.62±0.06 43.5
5931 149.769009 2.154255 2.49+0.160.23
p 9.3+0.50.5 24.88 1.7
+0.2
0.1 45.1
+0.9
0.9 18.0±2.5 40.15±0.07 43.9
5973 150.424442 2.453789 0.17+0.000.00
s 8.8+0.20.2 22.19 -0.3
+0.2
0.0 43.7
+0.9
0.9 23.8±2.5 37.57±0.06 42.1
6775 149.891879 2.771587 0.44+0.010.01
p 8.9+0.30.3 24.52 -0.9
+0.8
0.0 43.4
+0.9
1.1 15.5±2.4 38.38±0.07 42.6
7123 150.148527 2.017461 1.82+0.120.09
s 9.4+0.40.4 24.77 1.7
+0.0
0.3 44.0
+1.4
1.2 15.1±2.5 39.70±0.09 43.6
7787 149.678570 2.156774 0.13+0.000.00
s 7.5+0.60.6 24.10 -1.6
+0.4
0.6 42.2
+1.0
0.9 22.8±2.8 38.02±0.01 42.4
7854 149.971884 2.491272 1.66+0.190.12
p 9.1+0.70.6 26.31 1.6
+0.0
0.4 45.0
+0.9
1.2 14.0±2.4 39.57±0.09 43.5
8480 150.212280 1.691562 0.38+0.010.02
p 9.5+0.10.2 23.05 0.3
+0.0
0.2 44.2
+0.9
0.9 13.1±2.4 38.0±0.1 42.4
8692 149.696664 2.035075 0.54+0.020.02
p 9.1+0.40.4 24.36 -0.1
+0.2
0.4 42.6
+1.3
0.9 25.6±2.8 38.79±0.05 42.9
8727 149.852717 2.493861 0.30+0.260.2
p 7.4+0.70.7 25.73 0.03
+0.01
0.0 43.2
+0.9
0.9 13.1±2.4 37.8±0.1 42.2
8788 149.439531 2.384169 0.71+0.060.06
p 8.9+0.60.6 25.20 0.9
+0.1
0.3 44.0
+0.9
0.9 49.0±4.8 39.32±0.05 43.3
9059 150.482996 2.383103 2.63+0.050.05
p 9.3+0.40.5 24.76 1.6
+0.0
0.0 45.2
+0.9
0.9 12.5±2.3 40.04±0.09 43.8
9283 150.383343 2.449567 3.34+0.090.15
p 9.2+0.40.5 25.58 2.0
+0.0
0.3 45.4
+0.9
0.9 14.5±2.8 40.3±0.1 44.0
9814 149.698609 2.413071 1.47+0.350.25
p 8.7+0.80.6 26.83 1.4
+0.1
0.1 – 12.1±2.4 39.4±0.1 43.3
9899 150.204635 2.212778 1.76+0.050.09
p 9.3+0.40.4 24.85 1.5
+0.2
0.2 44.8
+1.0
1.4 12.2±2.4 39.6±0.1 43.5
10054 149.981862 2.664827 1.61+0.120.1
p 9.2+0.50.5 25.00 1.6
+0.0
0.3 45.0
+1.0
1.2 11.9±2.4 39.5±0.1 43.4
10574 149.904669 2.863645 0.34+0.10.12
p 8.1+0.70.6 25.89 -0.8
+0.3
0.0 42.2
+1.0
0.9 13.6±2.7 38.07±0.09 42.4
10629 149.483588 2.318789 0.45+3.480.19
p 7.8+0.50.5 26.10 -0.6
+0.5
0.1 43.2
+0.9
1.0 15.5±3.2 38.40±0.09 42.6
10661 150.696557 1.985819 0.29+0.010.01
p 9.0+0.20.3 23.42 0.1
+0.1
0.0 43.9
+0.9
0.9 12.9±2.7 37.8±0.1 42.2
10734 149.978025 2.848848 1.67+0.360.18
p 9.4+0.70.6 25.37 1.6
+0.1
0.3 44.0
+1.0
0.9 14.1±2.9 39.6±0.1 43.5
10896 150.069473 2.706838 2.84+0.180.17
p 9.5+0.50.5 25.54 1.8
+0.2
0.1 45.2
+0.9
0.9 12.9±2.5 40.1±0.1 43.8
Column designation: (1) VLA-COSMOS 3 GHz Large Project ID, (2) right ascension, (3) declination, (4) redshift, s = spectroscopic, p = photometric, (5)
stellar mass, (6) i-band magnitude, (7) star formation rate, (8) bolometric luminosity derived from the SED fitting, (9) integrated radio flux at 3 GHz, (10) 1.4
GHz AGN radio luminosity after removing the contribution from star formation, (11) jet power.
from Qjet = 1.2 × 1042 erg s−1 to 1.4 × 1044 erg s−1, thus up to
two orders of magnitude lower than the bolometric luminosities.
The values are of the same order as those of AGN in powerful
radio galaxies (Qjet ≥ 1042 erg s−1; e.g. Merloni & Heinz 2007;
Mezcua & Prieto 2014), which can collimate their radio jets to large
(kpc) scales and whose jet mechanical feedback is able to open
cavities in the surrounding intergalactic environment (e.g. Fabian
et al. 2000; McNamara et al. 2000; McNamara & Nulsen 2007,
2012; Blandford et al. 2018). Such massive radio galaxies have
jet efficiencies, defined as the fraction of accretion energy used in
the kinetic motion of the jet (ηjet = Qjet/η ÛMBHc2, where η is the
efficiency of conversion of rest mass into energy, ÛMBH = Lbol/ηc2
is the accretion rate, and c the speed of light), of ηjet ≥ 10% (e.g.
Nemmen & Tchekhovskoy 2015).
From the Lbol and Qjet, we find that 19 of the 35 radio
AGN dwarf galaxies have jet efficiencies ≥ 10%, therefore as high
as those of massive galaxies whose jet mechanical feedback can
inflate cavities in the intracluster medium and prevent and trigger
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Figure 5. Top. Distribution of bolometric luminosity for the sample of radio
AGN dwarf galaxies (blue solid bars) and the X-ray sample of AGN dwarf
galaxies from Mezcua et al. (2018b) (cyan hashed bars). The vertical dashed
lines indicate the median bolometric luminosities of type 1 (thick line) and
type 2 (thin line) AGN from Lusso et al. (2012). Bottom. Distribution
of AGN 1.4 GHz radio luminosities for the sample of radio AGN dwarf
galaxies.
star formation on local (tens of pc) scales in the host galaxy (e.g.
Tadhunter et al. 2014; Morganti et al. 2015; Maiolino et al. 2017).
Observational evidence for AGN feedback in dwarf galaxies is
frugal (e.g. Nyland et al. 2017; Penny et al. 2018; Manzano-King
et al. 2019), hence the finding of such a large sample of dwarf
galaxies with high jet efficiencies is of significant importance
for understanding whether they host the seed BHs of the early
Universe. BH accretion rate has been found to positively correlate
with SFR in star-forming galaxies out to z ∼ 3 (e.g. Mullaney
et al. 2012; Chen et al. 2013; Delvecchio et al. 2015; Yang et al.
2019). Therefore, if their radio jets trigger star formation, BHs in
dwarf galaxies could have significantly grown rather than retained
their initial seed BH mass (Mezcua 2019). In this case, the use
of the BH occupation fraction in dwarf galaxies as a tool to
distinguish between seed BH formation models should be revisited
(e.g. Volonteri et al. 2008; van Wassenhove et al. 2010; Mezcua
et al. 2018b).
3.4 Black hole mass and accretion rate
AGN in dwarf galaxies are typically found to have near-
to super-Eddington accretion rates (e.g. Greene & Ho 2007;
Baldassare et al. 2016; Mezcua et al. 2018b), even those exhibiting
radio outflows (e.g. Wrobel & Ho 2006; Thornton et al. 2008;
Wrobel et al. 2008; Mezcua et al. 2018b). Assuming an Eddington
ratio λEdd = 1 and using MBH = Lbol/(λEdd × 1.3 × 1038), the
radio AGN dwarf galaxies would have BH masses ranging from
log (MBH/M) = 4.1 to 7.9 (see Table 2).
These BH masses are slightly higher than those that would
be obtained (log (MBH/M) = 3.6 to 5.9) applying the MBH − M∗
correlation from Reines & Volonteri (2015) drawn from local AGN
and which includes a sample of dwarf galaxies with broad-line
AGN, suggesting that most of the radio AGN dwarf galaxies might
host IMBHs. However, the BH-galaxy scaling relations are found
to have a break and a large scatter at the low-mass end (e.g.
Jiang et al. 2011; Mezcua 2017; Martín-Navarro & Mezcua 2018;
Graham & Scott 2015; Davis et al. 2018; Shankar et al. 2019), so
they are not reliably applicable to galaxies with low stellar mass.
A flattening of the low-mass end (e.g. Jiang et al. 2011; Mezcua
2017; Martín-Navarro & Mezcua 2018; Shankar et al. 2019) would
be consistent with the predictions from models of direct collapse
formation of seed BHs (e.g. Volonteri & Natarajan 2009; van
Wassenhove et al. 2010; but see Ricarte & Natarajan 2018) or
could be ascribed to a bimodality in the accretion efficiency of BHs
in which low-mass BH accrete inefficiently (Pacucci et al. 2018),
while a steepening at low stellar masses (e.g. Graham & Scott 2015;
Davis et al. 2018) would imply that the radio AGN dwarf galaxies
have all BH masses ≤ 103 M .
In the case of AGN with jet radio emission the BH mass can
be estimated using the fundamental plane of BH accretion, which
is an empirical correlation, reinforced by theoretical accretion
models, between BH mass, nuclear X-ray luminosity and core
radio luminosity valid from stellar-mass to supermassive BHs (e.g.
Merloni et al. 2003; Falcke et al. 2004; Körding et al. 2006;
Gültekin et al. 2009, 2014; Plotkin et al. 2012; Saikia et al. 2018;
Gültekin et al. 2019). To estimate the BH masses for the radio AGN
dwarf galaxies we use the fundamental plane of Gültekin et al.
(2009), which has a scatter of 0.77 dex and has been proven in
the IMBH regime:
logLR = (4.80 ± 0.24) + (0.78 ± 0.27)logMBH+
(0.67 ± 0.12)logLX
(3)
where LR is the 5 GHz radio luminosity and LX the 2-10 keV X-ray
luminosity. None of the radio AGN dwarf galaxies are detected
in X-rays at a significant level in the Chandra COSMOS-Legacy
survey; hence to compute the X-ray luminosities we make use
of the Chandra stacking analysis tool CSTACK1 v4.32. CSTACK
stacks the Chandra data at the position of each radio AGN dwarf
galaxy, removing any nearby sources which are X-ray detected
1 http://lambic.astrosen.unam.mx/cstack/
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or resolved, and returns the source counts, background counts,
exposure time, and count rate, among other variables, for each
stacked field as well as for the population of input galaxies in the
soft (0.5-2 keV) and hard (2-10 keV) bands. A detailed description
of the method can be found in Mezcua et al. (2016). For the
purposes of this paper we take the source counts in the stacked field
of each radio AGN dwarf galaxy in the 2-10 keV band. These are
available for 34 of the 35 radio AGN dwarf galaxies. The remaining
source is out of the Chandra COSMOS-Legacy survey coverage.
Because of the low number of counts, we use Gehrels statistics
(Gehrels 1986) to compute upper values of the count rate for each
dwarf galaxy. Following the Chandra COSMOS-Legacy survey,
the count rates are converted to fluxes assuming a photon index Γ =
1.4 and a Galactic column density NH = 2.6 × 1020 cm−2 (Civano
et al. 2016). The corresponding upper limits on the K-corrected
2-10 keV X-ray luminosities for the 34 radio AGN dwarf galaxies
with stacked X-ray emission range from L2−10 keV = 6.4 × 1040
to 8.4 × 1043 erg s−1 (see Table 2). From these values and the
5 GHz AGN radio luminosities obtained in the previous section
we find that the BH masses derived from the fundamental plane of
BH accretion (eq. 3) range from log (MBH/M) = 5.6 to 7.9. We
note that this range of BH masses is consistent with that derived
assuming λEdd = 1 despite the fundamental plane should only be
applied for sources accreting at sub-Eddington rates (e.g. Plotkin
et al. 2012; Mezcua et al. 2018a).
A more robust fundamental plane than that of Gültekin et al.
(2009) has been recently published by Gültekin et al. (2019).
Gültekin et al. (2019) provide a mass estimator that should be most
useful for distinguishing between XRBs, IMBHs and supermassive
BHs and that should be applied only in the case of having both a
radio and an X-ray detection:
logMBH = (0.55±0.22)+ (1.09±0.10)logLR+ (−0.59+0.16−0.15)logLX
(4)
Although the radio AGN dwarf galaxies studied here are not X-ray
detected, we apply the correlation from Gültekin et al. (2019)
using the upper limits on the X-ray luminosities derived from the
stacking. We find that the (upper limits) on the BH mass for the 34
radio AGN dwarf galaxies with stacked X-ray emission range from
log (MBH/M) = 5.6 to 8.8, which are consistent within the scatter
with the range of masses derived using the correlation of Gültekin
et al. (2009).
Assuming that the radio AGN accrete at sub-Eddington rates
(e.g. λEdd = 10−3) 43% of the sources would have BH masses of
109-1010 M , which are unreasonably large for dwarf galaxies but
more typical of supermassive BHs in brightest cluster galaxies (e.g.
McConnell et al. 2011; Mezcua et al. 2018a). We thus conclude that
the radio AGN dwarf galaxies host a mixture of mostly IMBHs,
but possibly also some supermassive BHs with log (MBH/M)
< 8, accreting at near- to super-Eddington rates. This would be
consistent with formation models of direct collapse seed BHs,
which are predicted to accrete at super-Eddington rates and to emit
violent outflows in the form of bipolar jets (Regan et al. 2019).
The presence of radio jets in systems accreting close to or above
Eddington rates has been also observed in microquasars such as
GRS 1915+105 and in ultraluminous X-ray sources (e.g. Fender &
Belloni 2004; Middleton et al. 2013; Soria et al. 2014; Cseh et al.
2014, 2015; van den Eijnden et al. 2019).
A light seed BH of ∼ 102 M accreting at super-Eddington
rates could increase its BH mass by one order of magnitude in just
0.5 Myr (e.g. Fig. 3 in Lupi et al. 2016; Fig. 1 in Smith et al. 2017).
Table 2. Radio AGN dwarf galaxies: ID, BH mass (derived from Lbol
assuming λEdd = 1), stacked X-ray luminosity, and ratio of radio to X-ray
emission: RX = νLν (5 GHz)/LX(2-10 keV). † No L6µm is available.
ID_VLA log MBH log LX log RX
(M) (erg s−1)
515 5.5 <42.1 >-3.0
909 5.7 <41.9 >-3.0
1716 6.0 <42.9 >-3.2
1809 5.4 <41.7 >-3.7
2329 5.6 <42.5 >-3.4
2619 8.0 <43.0 >-4.1
2867 4.2 <41.2 >-3.4
2945 6.1 <42.9 >-4.3
3295 6.4 <43.1 >-3.8
3317 4.7 <41.4 >-3.9
3770 5.0 <42.7 >-3.9
3896 7.4 <43.9 >-3.8
4646 6.9 <43.6 >-3.9
5871 7.2 <43.5 >-4.3
5931 7.0 <43.5 >-3.8
5973 5.6 <41.2 >-4.0
6775 5.2 <42.1 >-4.1
7123 5.9 <43.2 >-3.9
7787 4.1 <40.8 >-3.2
7854 6.9 <43.3 >-4.1
8480 6.1 <41.9 >-5.5
8692 4.5 <42.2 >-3.8
8727 5.1 <41.9 >-4.4
8788 5.9 <42.7 >-3.8
9059 7.1 <43.7 >-4.1
9283 7.3 <43.9 >-4.0
9814 - † <43.2 >-4.2
9899 6.7 <43.3 >-4.1
10054 6.9 <43.1 >-4.1
10574 4.1 <42.0 >-4.3
10629 5.0 <42.6 >-4.6
10661 5.8 <41.5 >-4.1
10734 5.9 <43.4 >-4.2
10896 7.1 <43.9 >-4.2
Such process could occur in dwarf galaxies hosting the relics of
the early Universe seed BHs: given that AGN switch on and off
in phases that can last ∼ 105 yr (e.g. Schawinski et al. 2015),
the finding of near- to super-Eddington accreting low-mass AGN
in dwarf galaxies suggests that their BHs could be the leftovers
of light seeds that have grown into heavy seed BHs (e.g. Mezcua
2019). This growth could be accelerated by mergers and feedback
processes and it could explain why no ’light’ BHs of less than
104 −105 M are found in dwarf galaxies despite light seeds being
more abundant in the early Universe than heavy seeds (Mezcua
2019).
From the 5 GHz radio luminosity and upper limits on the 2-10
keV X-ray luminosity we can also derive the ratio of radio to X-ray
emission: RX = νLν(5 GHz)/LX(2-10 keV) (Terashima & Wilson
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2003). XRBs have typically log RX < -5.3, IMBHs -5.3 < log RX <
-3.8, low-luminosity AGN -3.8 < log RX < -2.8, radio-loud type
1 quasars log RX > -3, and SNRs log RX ∼ -2 (e.g. Mezcua et al.
2013a,b; Terashima & Wilson 2003; Hao et al. 2014). The RX ratios
for the 34 radio AGN with stacked X-ray emission range from
log RX = -5.5 to -3.0 and are thus consistent with those expected
from IMBHs (see Table 2). Given the upper limits on the X-ray
luminosity, the values of RX should be considered as lower limits,
which rules out an XRB nature and reinforces the AGN origin of
the radio emission.
For low-mass AGN, LX/Lbol is typically ∼0.1 (e.g. Marconi
et al. 2004; the mean LX/Lbol is 0.09 in the sample of X-ray
detected dwarf galaxies of Mezcua et al. 2018b). Since for the
radio AGN dwarf galaxies studied here Lbol ∼ 1042 − 1046 erg
s−1, taking LX/Lbol = 0.1 we would expect X-ray luminosities of
∼ 1041 − 1045 erg s−1. Instead, the upper limits derived from the
X-ray stacking are one to two orders of magnitude lower for four of
the radio AGN dwarf galaxies. Taking the BH mass derived from
the fundamental plane, assuming an Eddington ratio ∼1 and that
LX = 0.1 ×Lbol we would also expect X-ray luminosities one to
two orders of magnitude higher than the observed upper limits. This
suggests that these four radio AGN dwarf galaxies could be heavily
obscured and their RX ratios consistent with low-luminosity AGN
rather than IMBHs.
4 CONCLUSIONS AND OPEN ISSUES
Because of their low-mass and presumably quiet accretion and
merger history, dwarf galaxies are in the spotlight of studies seeking
for the leftover of the early Universe seed BHs. Whether these
seeds have remained untouched or have not significantly grown
since their formation is however unclear. Dwarf galaxies are found
to undergo numerous mergers (e.g. Fakhouri et al. 2010) and to
possibly suffer the impact of AGN/BH feedback (e.g. Smethurst
et al. 2016; Dashyan et al. 2018; Barai & de Gouveia Dal Pino
2018; Penny et al. 2018; Manzano-King et al. 2019), both of which
processes would affect the growth of the seed BH (Deason et al.
2014; Regan et al. 2019; Mezcua 2019).
To investigate the presence of AGN feedback in dwarf
galaxies, in this paper we have searched for radio AGN in a sample
of dwarf galaxies drawn from the VLA-COSMOS 3 GHz Large
Project. After accounting for the contribution from star formation
to the radio emission, we find 35 radio AGN dwarf galaxies with
AGN radio luminosities in the range LAGN1.4GHz ∼ 1037 − 1040 erg
s−1. Among this sample there are four sources at z > 2.5, including
the highest-redshift dwarf galaxy found to have an AGN (ID_VLA
3896, z = 3.4), which proves the power of deep radio surveys in
detecting AGN at high redshifts.
The radio AGN dwarf galaxies have bolometric luminosities
& 1042 erg s−1, which reinforces their AGN nature. The radio
emission of most of the sources is compact at 3 GHz, indicating
that its origin is most likely from a radio jet. The jet powers derived
from the AGN radio luminosities range from Qjet ∼ 1042 to 1044
erg s−1 and are thus of the same order as those of powerful radio
galaxies (e.g. Merloni & Heinz 2007; Mezcua & Prieto 2014). The
jet efficiencies for more than 50% of the sources are also found
to be as high (≥ 10%) as those of massive galaxies. In massive
radio galaxies, jet mechanical feedback is found to inflate cavities
in the intergalactic environment and to both hamper and trigger
star formation in the host galaxy (e.g. McNamara & Nulsen 2007,
2012; Tadhunter et al. 2014; Morganti et al. 2015; Maiolino et al.
2017). The finding that dwarf galaxies host radio AGN with jets as
powerful as those of massive galaxies indicates that AGN feedback
can also have a strong impact in these low-mass galaxies, and thus
possibly affect the material available for the BH to grow.
Several IMBHs with powerful jet radio emission have been
found as off-nuclear sources, possibly the remnant core of a dwarf
galaxy that was stripped in the course of a minor merger (e.g.
Webb et al. 2012; Mezcua et al. 2013c, 2015, 2018c); however,
observational evidence for AGN feedback being significant in
dwarf galaxies was so far scarce (e.g. Nyland et al. 2017; Bradford
et al. 2018; Penny et al. 2018; Dickey et al. 2019; Manzano-King
et al. 2019). The discovery of such a large sample of dwarf galaxies
with radio AGN as energetic as those of massive galaxies has thus
important implications for models of seed BH formation: if AGN
radio jets in dwarf galaxies have a significant impact on their hosts,
e.g. triggering star formation, and possibly on the growth of their
BHs, then the low-mass AGN found in dwarf galaxies should not
be treated as relics of the early Universe seed BHs.
High-resolution kinematical studies would be needed in order
to probe the effects of the radio jet on the surrounding environment
of its host dwarf galaxy, which is currently only feasible for the
closest and brightest dwarf galaxies. The next generation of major
facilities such as the James Webb Space Telescope will provide
a leap forward in this respect, allowing us to probe in detail the
impact of the radio jets in dwarf galaxies on their hosts.
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